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Abstract The adequacy of grounding systems has to be verified 
periodically in the operational time. With urban development and 
buildings growth adjacent to power systems as HV/MV substations, 
it is very rare to have area around with sufficient accessibility for 
installing the potential and current electrodes. This paper discusses 
a safety criterion to verify the effectiveness of a grounding system. 
This criterion suggests conservative tests for both ground potential 
rise and touch voltages and step voltages that allow to verify the 
grounding systems effectiveness in areas with reduced accessibility 
and to monitor its evolution in the time. 
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I – INTRODUCTION  
 
Protection against electric shock requires grounding systems 
must guarantee to keep touch voltage (Ut) and step voltage 
(Us)  to a safe permissible value.  
The touch voltage Ut is the potential difference between the 
ground potential rise (GPR) UG of a grounding grid or 
system and the surface potential where a person could be 
standing while at the same time having a hand in contact 
with a grounded structure or object. Figure 1 shows the 
ground potential profile during a ground fault: UG, is the 
maximum electrical potential that the grounding system 
might attain relative to a distant grounding point assumed to 
be at the potential of remote earth [1]. The GPR is equal to 
the product between the current to ground IG, part of the 
ground fault current IF, and the ground resistance RG (or 
impedance ZG) of the ground grid G. 
The step voltage Us is the difference in surface potential that 
could be experienced by a person bridging a distance of 1 m 
with the feet without contacting any grounded object [1].  
 
Figure 1. The ground potential rise (GPR) UG, the touch 
voltage Ut and the step voltage Us. 
 
Testing of the effectiveness of a grounding system is 
mandatory to verify the adequacy to satisfy the protection 
requirements in the operational time.  
The effectiveness is verified either one of the conditions is 
fulfilled: 
- the ground potential rise (GPR) UG is below the 
permissible prospective limit value for the fault tripping 
duration [2, 3]. 
- touch voltages inside and in the vicinity of the grounding 
system are below the permissible limits. 
To verify the first condition that GPR meets the safety 
requirements  relieves from making measurements of touch 
voltages in the various locations where needed. 
The grounding system of HV/MV substations consists of the 
ground grid and all other extended grounding conductors 
connected to it. Large grids (>40,000 m2), buried in low-
resistivity earth (<75 -m) without connection to extended 
grounds, present a reactive component not negligible. The 
impedance ZG may be higher than the estimated resistance 
by formula available in literature (IEEE Std 80) and the 
impedance phase angle will be in the 35° to 40° range [4]. 
When extended ground conductors are connected to the grid, 
grounding-system impedance will be less than estimated grid 
resistance.  
The grounding wires of the power lines connect the 
substation HV/MV grounding system with the grounding 
system of all the towers. The main contributor of the reactive 
component (reactance) of ZG is outgoing power lines 
grounding wire inductivity. In fact, overhead grounding 
wires that connect to towers and grids will have impedance 
angles in the 50° to 85° range [4].  
The substation ground grid only drains the IG part of the fault 
current IF, while the grounding wires of the power lines drain 
the other part of the fault current. The impedance angle 
appears so an index of the draining contribution IG/IF.   
Instead, the active (resistive) part of ZG comprises of the 
resistance between a grounding system and the ground. This 
component depends of conductor’s quantity, system 
configuration and soil resistivity. 
 
GPR measurement: the fall-of-potential method 
There are several methods for measuring GPR of grounding 
systems. Among them, the fall-of-potential method is most 
widely applied for almost all types grounding systems, as 
proven in many field tests [1-5]. All measurements are 
performed with the grounding system in its normal operative 
configuration, which kept all external connections in place. 
In order to measure the GPR of a substation, it is necessary 
to apply a voltage between the substation grounding system 
and the remote auxiliary current electrode C that causes the 
circulation of a current through it (Figure 2). A potential 
probe P is placed at various positions between the current 
electrode and the grounding system.  
The potential curve is plotted against the distance from the 
substation (Figure 2). The required value of the GPR that 
allows to define the RG (or ZG) of the ground grid G, is 
0093-9994 (c) 2013 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See
http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/TIA.2014.2379952, IEEE Transactions on Industry Applications
located on the resultant curve in the vicinity of a point 
matching potential wire length (0.5 - 0.7 of the current wire 
length, theoretically 0.62).  
 
Figure 2. Potential profile between the ground electrode G 
and the auxiliary current electrode C. 
 
The greatest difficulty regards the location of the auxiliary 
electrode C; particularly it has to be placed to a distance d, 
outside the area of influence di of grounding system G. 
Usually, it is recognized that the distance d is sufficient, 
measured from the border contour of the grounding system, 
when equal at least to 4 times its maximum length [3]. The 
maximum length of a grounding network is the diameter D 
of the equivalent circumscribed circle. 
The position of the potential probe P with regard to the 
auxiliary current electrode may differ. 
Electrical testing devices of grounding systems allow 
directly defining the ZG and its phase angle with excellent 
interference suppression that facilitates measurement of 
small signals. 
The GPR that defines the ZG is measured situating the wires 
of the current and voltage electrodes mainly in two 
conditions: 
- parallel  with 0º between them affected by coupling 
effect CE (method 0°)  
- perpendicular with 90º between them without CE 
(method ±90°) 
 
Fall-of-potential method 0°  
The measured maximum voltage that defines the measured 
impedance ZM on reference to the measurement situating the 
electrode wires parallel with a 1 m gap, generally consists of 
two components:  
1) the actual maximum voltage difference between the 
grounding system under test and the potential probe that 
defines the ZG,  
2) the “coupling effect”, the inducted potential that defines 
the related impedance ZCE is due to alternating current 
flowing in the current test loop [4]. 
The complex nature of the parameters requires considering 
the amplitude and the phase angle for substation grounding 
impedance ZG, G and coupling effect ZCE, CE. 
Measured impedance ZM, M is conservative, in fact it is the 
sum of two vectors, actual grounding impedance and the 
coupling effect that has to be known and at this aim a 
parametric method has been performed [6,7]. 
Thus, actual grounding impedance ZG, G can be calculated 
by vector subtraction of the coupling effect ZCE, CE from 
the measurement result ZM, M 
In the Figure 3, C is the auxiliary current electrode, IG is the 
measured current, P is the potential electrode and V is the 
measured voltage in the point P. 
 
Fall-of-potential method 90°. Comparison between the two 
method 
The method to be used by testers is situating the electrode 
wires with 90º between them (method ±90°). The clear 
advantage of this method is the lack of the coupling effect 
with ZCE=0.  
 
Figure 3. Methods 0° and 90° of impedance measurement 
in a grounding system. 
 
Positioning the potential probe in line with the current 
electrode (method 0°) enables detection of eventual objects 
in the ground – water pipes, large metal bodies, etc. An 
insert will deform the shape of the curve. When the 
deformed curve is obtained during measurements, the testing 
technician selects another direction from the substation to 
perform the measurement, thereby reducing the inaccuracy 
in the measurement results. However, due to the above-
described coupling effect, the results will be higher than the 
actual grounding resistance value. 
Let us consider that positioning the current and potential 
electrodes with 90º between them (method ±90°) or at 
opposite sides (method 180°) present the shortcoming that 
lies in the impossibility of controlling underground 
conducting objects. For example, a steel pipe lying 
underground parallel to the potential wire reduces the 
measured voltage without distorting the shape of the 
potential/impedance curve. Moreover the method 180° does 
not eliminate the coupling effect which is now no –
conservative. 
 
II – MEASUREMENT ACCURACY AND SAFETY CRITERION 
 
To verify the effectiveness of grounding systems the 
measurements of touch and step voltages (Ut, Us) and of 
ground resistance RG or impedance ZG present some 
operational difficulties.  
Accuracy of tests requires reaching remote earth and for 
large grounds, the spacing required may not be practical or 
even possible. Unfortunately, accurate measure is often 
unfeasible. 
To verify the grounding system of a great HV/MV substation 
as an industrial or commercial complex, the influence 
distance di can reach some kilometers. Such distance 
involves, besides the obvious problems of execution, a rise 
of interference and an increase of the effect of 
electromagnetic coupling between the conductors of 
measuring circuit. 
The grounding system under test will result in lower 
measured impedance if the current or potential electrodes are 
installed near grounded metal structures or other grounding 
conductors are interfering with the same grounding systems.  
With urban development and buildings growth adjacent to 
power systems, grounding systems, also if not metallically 
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connected, are significantly interdependent as they are 
located in each other's area of influence. This situation 
causes a series of problems in terms of electrical 
compatibility and personnel safety. It becomes increasingly 
difficult to choose suitable locations for auxiliary electrodes 
to make tests of resistance and Ut and Us of a grounding 
system.  
In the presence of background and interference voltages, the 
measurement accuracy will depend mainly on the length and 
routing of the test conductors, the magnitude of the test 
current (and the resulting voltage drop across grounding 
impedance), and the selectivity and sensitivity of the method 
used to measure the potential magnitude and its phase angle 
relative to the current. 
Since the rigorous measure can result too much laborious or 
too much expensive, an appropriate conservative criterion 
can be decisive for testing the grounding system 
effectiveness.  
This paper discusses the safety criterion of assuring 
conservative measurements to verify the effectiveness of a 
grounding system. If the feasible measurements of the GPR 
or of the touch voltages are with a limited accuracy, but their 
values are conservative due to their positive error increasing 
the prospected true value, they are acceptable to verify the 
safe effectiveness of grounding systems.  
In fact, if the measured values are lower than the values 
permissible for the fault tripping duration, the safe 
effectiveness of the grounding system is verified.  
By means of this criterion, conservative tests are suggested 
for both UG (that is ZG) and touch voltage (Ut) and step 
voltage (Us), since that these methods guarantee errors 
positive and so their consideration results conservative. 
The suggested test for measuring grounding system 
resistance/impedance is the fall-of-potential method 0°, 
prospecting of positioning the potential electrode in line with 
the remote current electrode that allows conservative 
measurements (ZM).  
The suggested test of touch and step voltage measures can be 
done with a single auxiliary electrode or multiple auxiliary 
electrodes placed at a reduced distance.  
Whenever it is possible, it is always convenient to measure 
the resistance of the grounding system and to evaluate the 
GPR. To verify that GPR meets the safety requirements is a 
condition sufficient to guarantee the effectiveness of the 
grounding system and therefore, as already observed, to 
relieve from making measurements of touch voltages in the 
various locations where needed. 
 
III – CONSERVATIVE GROUND IMPEDANCE MEASUREMENTS 
 
Conservative fall-of-potential method 0° 
Modern substations are usually located in the built up zones 
and it can be difficult or impossible to find directions free of 
transmission lines, buildings or underground 
communications to spread the measuring wires.  
Certainly, it could be easier to find a reduced sector or at 
least one direction free of interferences. In these situations, 
the unique possible method of measurement is the parallel 
method 0° that always will result conservative.  
In fact, due to the above-described coupling effect, the ZM 
results will be higher than the actual grounding impedance 
value ZG. When it is likely to repeat the measurements 
adopting an angle higher than 0°, it will be possible to test 
lower values of ZM more suitable to assume. 
 
Mutual coupling calculation for standard conditions 
For calculating the coupling effect, a parametric method has 
been performed considering standard conditions (Farber-
Katz method) [6,7]. The amplitude and phase angle of the 
ZCE have been defined by numeric methods solving the 
expression available in literature for calculating the mutual 
impedance between two insulated wires lying on the earth's 
surface, of finite length. 
The standard conditions assumed for the definition of ZCE 
consider as current wire lengths up to 3000 m and potential 
wires up to 2000 m, as soil resistivity values in the range 
1÷10,000 Ωm, as distance between the current and potential 
parallel wires is assumed 1 meter from each other.  
Based on these results, a family of coupling effect curves 
was calculated to evaluate the amplitude and the phase angle 
CE of ZCE for different soil resistivity, for any current wire 
lengths up to 3000 m and potential wires up to 2000 m 
(Figures 4 and 5). 
To validate the parametric approach, grounding tests were 
conducted at three substations of 170/24 kV located in rural 
areas. The sites were checked to ensure there was no 
underground communication that could influence the 
measurements. The tests were performed using the methods  
0°, with a 1 m gap between the two test wires, and 90°.  
In every case the current and the voltage electrodes were 
established, it has to be made sure the electrode wires were 
long enough to reach the remote earth. The measurement 
system enabled directly measuring the complex value of 
ground resistance impedance with the phase angles. 
The value of the coupling effect can be easily found with the 
help of the curves in Figures 4 and 5 by using the value of 
the soil resistivity of the area, where the grounding system is 
installed and the lengths of the potential wire are known. 
Soil resistivity measurements are performed by classic 
methods as the Wenner method [1]. 
The accuracy of the results that can be obtained is influenced 
by the readability of the curves.  
The substation ground impedance ZG (90°) was measured 
directly by the method 90°; the impedance ZG (0°) was 
determined by subtracting the coupling effect ZCE value from 
the measured ground impedance ZM measured by the method 
0°, according to formula (1). 
 
Figure 4. Curves of coupling effect ZCE (as impedance 
amplitude) versus potential wire length up to 2,000 m and 
different soil resistivity 
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Summary of the convergence of the measurement results for 
the 3 substations are presented in Table I that shows an error 
± 7%. 
In any cases, the measured values of impedances ZM are 
higher than the “true” values: if the correspondent GPR 
values are lower than the permissible ones, they verify the 
safe effectiveness of the grounding system. 
 
IV. CONSERVATIVE TOUCH POTENTIAL MEASUREMENTS 
 
In the cases where the area of measurements has a reduced 
accessibility that is also without one direction free of 
interferences, the paper suggests a conservative testing 
method. This method, in any case an alternative way to 
verify the adequacy of grounding systems, is based on using 
one or more current electrodes at short distance to verify the 
effectiveness of grounding system (Parise method) [8-14]. 
The touch and step voltage measures can be done with 
auxiliary electrodes at a reduced distance, since that the error 
is positive and so the results are conservative.  
Figure 6 highlights that a C current electrode at short 
distance influences the behavior of the fault current flow, 
producing two different distortion effects in ground potential 
measures: 
- a “cut” effect on the actual measured value U’G referred 
to the true value UG so UG’< UG ; 
- a “gradient” effect on U’t with higher values 
(conservative) or with lower values (not conservative) 
than the true ones Ut. 
 
Figure 6. Potential behaviors of a hemispherical electrode with 
a single C current electrode at remote point (dashed line) and at 
short distance (continuous line). 
 
The cut effect is due to the reduction of the ground volume 
interested by the current flow between the grounding system 
and the current electrode at shorter distance. 
The gradient effect of a single electrode produces an 
increased flow of the current rate in the soil sector of the 
grounding system at the side correspondent to the same 
current electrode (conservative measures) and a more 
reduced flow in the opposite side (not conservative 
measures).  
The Figure 7 shows a touch voltage Ut test done on a line 
tower footing installed in a corner of HV/MV substation 
with the footprint-electrode method. The error is 
incremented of about +10% moving the current electrode 
from 500m to 200m. 
The adoption of n>2 auxiliary electrodes, symmetrically 
installed around the grounding system, offers conservative 
measurements expanded in all the around area. The 
increasing of the number of auxiliary electrodes growths the 
accuracy in an alternative way to increase their installation 
distance (intervention that can be severely limited or 
impossible).  
Moreover, multiple auxiliary electrodes help to ensure 
greater safety conditions in the execution of the test, since it 
shares on the same multiple electrodes the test current, 
reducing the potential that would set globally on the single 
remote electrode system. 
To verify the validity of the proposed method in comparison 
with the "classical" method with a remote auxiliary electrode 
outside the zone of influence, tests of touch voltage were 
taken on the grounding systems of two substations 
150/20kV, Industrial Zone 2 and Mineo near Catania (Sicily, 
 
Figure 5. Phase angle CE in dependence of the potential 
wire lengths and the soil resistivity for impedance of the 
coupling effect 
Table I.  Summary of substation grounding impedance 
measurement results 
 
№ Potential 
wire 
m 
 
Ω*m 
Measured 
value 
Ω 
Coupling 
Effect 
Ω 
Final 
result 0° 
Ω 
Final 
result 90° 
Ω 
Results 
difference 
% 
1 300 500 0.22445 0.095 0.16423   0.163 1 +0.6% 
2 275 50 0.17029 0.080 0.140 0 0.15013 -6.6% 
3 200 18 0.19030 0.045 0.17017 0.16017 +6.3% 
 
 
Figure 7. Conservative touch voltage Ut tests done on a line 
tower footing installed in a corner of HV/MV substation in 
Kyriat, Israel (Technical team of IEC  R&D Lab. Haifa) 
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Italy). In particular, they were used a remote current 
electrode installed respectively at 30 km and 3 km and 
alternatively four current electrodes installed symmetrically 
around the grounding systems at 20 m only (Figures 8).  
The results confirm the acceptability of the measures based 
on the safety criterion of satisfying, the permissible 
requirements also by inaccurate measurements but certainly 
conservative.  
Let us note that the error is always conservative for all the 
measurement points. The error is always conservative at the 
reduced distance. The map of the substation highlights four 
representative measurements The maximum value of the 
error is equal to 30% in the case of point 18 of Industrial 
Zones 2 external to the system but still acceptable because in 
favor of safety.  
The installation of auxiliary electrodes at short distance and 
their connections can permanently enable the control of the 
effectiveness level of grounding systems by monitoring the 
touch voltage of one or more equipment assumed as critical 
reference. To verify and calibrate the system can perform 
initial and periodic measurement with the classic method 
with the auxiliary electrode at a great distance, when 
possible. 
On the basis of the results of a lot of simulations by 
computerized programs they can be defined as general rules: 
 
- the use of one auxiliary electrode at short distance 
permits to evaluate the touch and step voltage in the zone 
between the grounding system under investigation and 
the auxiliary current electrode with conservative results; 
 
- the use of more symmetrical current electrodes at short 
distance reduces the errors in all the peripheral zone, 
outside-inside, around the grounding system, due to the 
sharing of the test current among the more electrodes 
 
- a good practice is to place current electrodes in proximity 
of grounding system parts preferably with low current 
carrying density. 
 
The use of a simulation program for asymmetrical 
grounding system helps to identify the electrodes location 
to obtain the best results. 
 
                                               “Industrial zone 2”                                                                                                    “Mineo” 
  
 
 
Figure 8 Touch voltage measurements done in the 150/20kV substations “Industrial Zone 2” and “Mineo” (Catania, Sicily, Italy) with 
the auxiliary current electrode located at 20 m from the grounding system contour (dashed line in the graph) and at 30 km and 3 km 
respectively (continuous line in the graph). (Performer: Technician Emanuele Falanchi, Enel, Italy). 
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V- CONCLUSIONS 
 
Effectiveness of grounding systems has to be verified 
periodically in the operational time.  
In the urban or industrial areas, buildings growth adjacent to 
power system as HV/MV substations, it is very rare to have 
around areas with sufficient accessibility to choose suitable 
locations for auxiliary electrodes and so rigorous ground 
resistance measures can result impossible. This paper has 
suggested methodologies for testing both ground potential 
rise and touch voltage and step voltage that allow to verify 
the grounding systems effectiveness in areas with reduced 
accessibility and to monitor its evolution in the time. 
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